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METHODS 
Compound synthesis and characterisation: 
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Compound 8. 4-Cyanobenzenesulfonyl chloride (7, 11 mmol, 2.21 g) suspended in 100 mL of 
dichloromethane was added dropwise to a stirred solution of 2-(aminomethyl)pyridine (10 
mmol, 1 mL) and triethylamine (20 mmol, 2.8 mL) in 250 mL dichloromethane cooled on ice. 
The solution was allowed to warm to room temperature over 4 hours and stirred overnight. The 
solution was concentrated to approximately 100 mL and washed with water (3 x 30 mL) fol-
lowed by brine (1 x 25 mL). The organic layer was dried with MgSO4 and the solvent dried in 
vacuo. The crude product was recrystallised with hot ethyl acetate using hexanes as an anti-
solvent to afford 8 as a beige powder (2.13 g, 7.84 mmol, 78%).  
TLC (CHCl3:MeOH, 10:1 v/v): Rf = 0.43; 1H NMR (400 MHz, (CD3)2SO): į8.64 (t, J = 6.0 Hz, 
1H), 8.38 (d, J = 4.4 Hz, 1H), 8.02 (d, J = 8.0 Hz, 2H), 7.91 (d, J = 8.8 Hz, 2H), 7.70 (td, J = 
7.4, 2.0 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.22 (dd, J = 7.2, 5.2 Hz, 1H), 4.16 (d, J = 6.4 Hz, 
2H); 13C NMR (100 MHz, (CD3)2SO): į 122.5, 121,8, 
117.8, 114.7, 47.9; IR (ATIR): 2233 cm-1 (CN); HRMS (m/z): [M+H]+ calcd. for C13H11N3O2S, 
274.0645; found, 274.0643; analysis (calcd., found for C13H11N3O2S): C(57.13, 56.94), H(4.06, 
4.20), N(15.37, 15.15).  
Compound 9. A solution of 8 (2.7 mmol, 0.744 g) in 15 mL dry THF was placed under a nitro-
gen atmosphere. Lithium borohydride (27.2 mmol, 6.8 mL of a 4 M THF solution, Acros Organ-
ics) was added to this stirred solution and the resulting solution was heated to reflux. Once at 
reflux, dry methanol (81 mmol, 3.3 mL) was added over approximately 5 hours (gas evolution 
upon addition) and the solution was refluxed overnight under a nitrogen atmosphere. This was 
followed by addition of an extra 5 mL of dry methanol before the solution was slowly cooled to 
 room temperature. Deionised water (33 mmol, 0.6 mL) was added and the mixture stirred for 
one hour before the flask was opened to atmosphere. MgSO4 was added, and the suspension 
filtered. The solvent was removed in vacuo to yield a crude white solid, which was suspended 
in EtOAc:MeOH (2:1, v:v) and applied to a short silica plug, washed with EtOAc (100%), and 
the product eluted with EtOAc:MeOH (2:1, v:v). The solvent was removed in vacuo to yield 9 in 
form of a white solid (0.531 g, 1.91 mmol, 70%). 
TLC (EtOAc 100%): Rf = 0; 1H NMR (400 MHz, (CD3)2SO): į8.43 (d, J = 5.0 Hz, 1H), 7.75-
7.71 (m, 3H), 7.51 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 7.5 Hz, 1H), 7.24 (dd, J = 7.0, 5.0 Hz, 1H), 
4.04 (s, 2H), 3.77 (s, 2H); 13C NMR (100 MHz, (CD3)2SO): į157.2, 149.2, 148.8, 138.2, 136.7, 
127.5, 126.4, 122.4, 121.6, 47.9, 45.2; HRMS (m/z): [M+H]+ calcd. for C13H15N3O2S, 278.0958; 
found, 278.0948, analysis (calcd., found for C62H56N2O11.0.25H2O): C(73.76, 73.46), H(5.64, 
5.51), N(2.77, 2.79). 
Compound 10. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.5 mmol, 90 µL) was added 
to a stirred solution of Bn4-azotochelin (0.5 mmol, 0.389 g, prepared in accordance to the 
literature46), triethylamine (1 mmol, 0.139 mL) and hydroxybenzotriazole (0.05 mmol, 6.75 mg) 
in 5 mL dry DMF. Subsequently 9 (0.5 mmol, 0.138 g) was added and the solution was stirred 
overnight with a drying tube attached. The DMF was removed in vacuo and the crude product 
was suspended in 75 mL ethyl acetate and washed with 0.1 M HCl (1 x 25 mL), saturated Na-
HCO3 (1 x 25 mL) and brine (1 x 25 mL). The organic layer was dried over MgSO4 and the 
solvent dried in vacuo. The crude product was purified by column chromatography (silicagel, 
100% EtOAc) to afford the pure 10 as an off-white powder (0.244 g, 0.235 mmol, 47%). 
TLC (EtOAc 100%): Rf = 0.17; 1H NMR (400 MHz, CDCl3): į8.43 (d, J = 7.0 Hz, 1H), 8.39 (d, J 
= 4.5 Hz, 1H) 7.95 (t, J = 5.5 Hz, 1H), 7.70 (d, J = 8 Hz, 2H), 7.63 (dt, J = 7.0, 3.0 Hz, 2H), 
7.54 (td, J = 8.0, 1.5 Hz, 1H), 7.49-7.24 (m, 23H), 7.18-7.08 (m, 6H), 6.23 (m, 1H), 5.14 (app s, 
 4H), 5.10 (s, 2H), 5.04 (s, 2H), 4.46 (q, J = 7.0 Hz, 1H), 4.40 (d, J = 6.5 Hz, 2H), 4.18 (d, J = 
2.5 Hz, 2H), 3.14 (q, J = 6.5 Hz, 2H), 1.70 (app sext., J = 7.5 Hz, 1H), 1.39-1.12 (m, 5H); 13C 
NMR (100 MHz, CDCl3): į
143.5, 138.3, 136.7, 136.3, 136.3, 136.1, 136.0, 128.9, 128.7, 128.7, 128.6, 128.6, 128.3, 
128.2, 127.8, 127.7, 127.6, 127.3, 127.1, 126.3, 124.4, 124.4, 123.1, 122.9, 122.5, 121.9, 
117.3, 116.8, 76.3, 76.1, 71.3, 71.2, 53.6, 47.4, 42.6, 39.0, 30.6, 28.8, 23.1; HRMS (m/z): 
[M+H]+ calcd. for C61H59N5O9S, 1038.4106; found, 1038.4114; analysis (calcd., found for 
C61H59N5O9S.0.5H2O): C(69.96, 70.02), H(5.77, 5.74), N(6.69, 6.51).  
Compound 11. Reaction glassware was prepared by soaking in 6 M HCl for 4 hours, followed 
by potassium hydroxide in EtOH to remove any residual metal ions. To a solution of 10 (0.09 
mmol, 93 mg) dissolved in dry ethanol, palladium hydroxide 20% on carbon (0.1 mmol, 70 mg) 
was added. The vessel was purged with nitrogen, followed by hydrogen and then filled with 
hydrogen. The reaction was stirred vigorously overnight. The remaining hydrogen was re-
leased and the suspension filtered using a Whatman® Glass Microfiber Filter GF/F. The or-
ganic solvent was removed in vacuo to yield 11 as a beige solid (57.7 mg, 0.085 mmol, 95%). 
TLC (EtOAc, 100%): Rf = 0; 1H NMR (400 MHz, CD3OD): į8.34 (d, J = 6.0 Hz, 1H), 7.74 (d, J 
= 8.4 Hz, 2H), 7.68 (td, J = 7.8, 2 Hz, 1H), 7.43 (d, J = 8.4 Hz, 2H), 7.36-7.32 (m, 2H), 7.22-
7.17 (m, 2H), 6.94-6.90 (m, 2H), 6.73-6.66 (m, 2H), 4.60-4.57 (m, 1H), 4.48-4.39 (m, 2H), 4.15 
(s, 2H), 3.61 (q, J = 7.0, 1.8H, EtOH), 3.39 (t, J = 7.0 Hz, 2H), 1.98-1.85 (m, 2H), 1.72-1.64 (m, 
2H), 1.59-1.48 (m, 2H), 1.18 (t, J = 7.0 Hz, 2.8H, EtOH); 13C NMR (100 MHz, CD3OD): į
173.4, 170.2, 169.8, 156.9,148.9, 148.4, 148.2, 146.0, 145.9, 143.9, 139.1, 137.5, 127.6, 
126.9, 122.7, 122.2, 118.5, 118.3, 118.2, 117.3, 115.7, 115.5, 57.0 (EtOH), 53.9, 47.5, 42.2, 
38.8, 31.3, 28.7, 23.1, 17.05 (EtOH); HRMS (m/z): [M-H]- calcd. for C33H34N5O9S, 676.2083; 
found, 676.2067; analysis (calcd., found for C33H35N5O9S.0.8EtOH.1.8H2O.0.2KCl): C(54.54, 
54.89), H(5.74, 5.45), N(9.19, 8.84). 
 Compound 12. [Ir(Cp*)(Cl)2]2 (0.1 mmol, 0.0799 g, prepared in accordance with the 
literature47) was dissolved in 2 mL dichloromethane and added to a stirred solution of 8 (0.2 
mmol, 0.0550 g) in 1 mL dichloromethane. Sodium hydroxide (0.1 mL, 2.0 M methanolic) was 
added to give a pale orange/yellow solution, which was stirred for one hour. The solution was 
filtered and the solvent removed in vacuo to give an orange solid, which was washed with di-
ethyl ether (3 x 5 mL) to yield 12 as a pale orange solid (0.0743 g, 0.11 mmol, 55%). 
1H NMR (400 MHz, CDCl3): įGJ = 5.5 Hz, 1H), 8.15 (d, J = 8.5 Hz, 2H), 7.72 (app. t, J 
= 7.5 Hz, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.29-7.23 (m, 2H), 4. 85 (d, J = 17.0 Hz, 1H), 4.54 (d, J 
= 17.0 Hz, 1H), 1.73 (s, 15H). 13C NMR (100 MHz, CDCl3): į163.9, 151.5, 148.0, 138.5, 
132.4, 129.2, 125.2, 120.7, 118.7, 114.1, 87.1, 57.8, 9.8; IR (ATIR): 2230 cm-1 (CN); HRMS 
(m/z): [M-Cl]+ calcd. for 191IrC23H25N3O2S, 598.1268; found, 598.1268. 
 
The 1H and 13C NMR spectra of compounds 8-12DUHVKRZQLQSupplementary Fig. 10. 
Site-directed mutagenesis and purification of CeuE. The plasmid encoding N-terminal 
hexahistidine-tagged CeuE used in previous studies30 was isolated from E. coli NovaBlue 
competent cells (Merck Chemicals Ltd) using a Wizard® Genomic DNA Purification kit 
(Promega). Site-directed mutagenesis was performed in a 25 µl reaction containing Kod Hot 
start DNA polymerase (0.5 U), dNTPs (200 µM), MgSO4 (1 mM), plasmid DNA (1 ng), forward 
SULPHU¶-CTGTTCCAGGGACCAGCATTGTTGCCTATTAGTA0UHYHUVHSULPHU¶-
TACTAATAGGCAACAATGCTGGTCCCTGGAACAG) (400 µM), and 1 x Kod PCR buffer. The 
PCR cycle was performed at 94°C for 2 minutes, followed by 18 cycles of 94 °C for 30 s, 60 °C 
for 30 s, and 72°C for 3 minutes, followed by a final extension at 72 °C fo r 5 minutes. The 
template DNA was removed by addition of 2 µL of CutSmart® buffer and 1µL DpnI (20 U/µL) 
to 20 µL of PCR reaction followed by incubation at 37 °C for 2 hours. The fin al PCR product 
was transformed into NovaBlue competent cells. Mutagenesis was confirmed by isolation and 
 sequencing of the plasmid from several bacterial colonies using a T7 promoter primer (Eu-
rofins MWG operon). Protein from mutated plasmids was expressed in E. coli BL21 (DE3) 
cells grown in Luria-Bertani broth with 50 µg/mL kanamycin. Cultures were grown at 37 °C w ith 
shaking at 200 rpm. When the OD600 reached 0.6, protein expression was induced by addition 
of 1 mM IPTG to cultures. Cultures were further incubated for 4 hours and cells were harvest-
ed by centrifugation. Cell pellets were resuspended 1:10 (w/v) in 50 mM Tris-Cl pH 7.5, 500 
mM NaCl, 10 mM imidazole with cOmpleteTM EDTA-free Protease Inhibitor Cocktail (Roche 
Diagnostics) followed by sonication. The lysate was cleared of insoluble material by centrifuga-
tion at 38,000 x g, 4°C for 40 min followed by filtration of supernatant through  a 0.4 µm syringe 
filter. The filtered sample was loaded onto a 5 mL HisTrapTM FF Ni-chelating column (GE 
healthcare) and eluted using an imidazole gradient (final concentration of 500 mM) on a Bio-
Rad NGCTM chromatography system. The N-terminal histidine tag was removed by addition of 
2 mg of 3C protease to 100 mg of eluate, followed by dialysis in 3 L of 40 mM Tris-Cl pH 7.5, 
150 mM NaCl at 4°C for 16 h. Residual traces of His-tagged CeuE and 3C protease we re re-
moved from the sample by repeating the Ni-affinity purification step. Protein samples were dia-
lysed twice in 2 L of 100 mM MES pH 6, 500 mM NaCl at 4°C for 20 h. Protein wa s concen-
trated to 60 mg/mL in an Amicon centrifugation filter unit (Millipore), separated into 50 µL ali-
quots and stored at -80 °C. Protein purity and integrity was confirmed by SDS-PA GE and UV-
CD. 
CeuE with a mutation at the histidine at position 227 to alanine was prepared as described in a 
previous study.43 
Preparation of the artificial transfer hydrogenase [FeIII(11)Cp*IrIII]ؿCeuE. First, 
[FeIII(solv)2(11)Cp*IrIIICl]- was formed by adding 60 µL of a 10 mM Fe(III)-NTA solution 
(prepared as previously described29) to 18 µL of 200 mM MOPS pH 7.5, 150 mM NaCl and 
 incubation in a sonication bath for 10 minutes. Following this, 11 (12 µL, 50 mM in DMF) was 
added and the mixture was sonicated for 10 minutes. Then, [Cp*IrIIICl2]2 (30 µL, 10 mM in 
DMF) was added and the mixture was sonicated for 10 minutes. [FeIII(11)Cp*IrIII]ؿCeuE was 
subsequently formed by addition of 250 µL of 60 mg/ml CeuE to 15 mL of 100 mM MES pH 6, 
500 mM NaCl, followed by addition of 96.5 µL of the [FeIII(solv)2(11)Cp*IrIIICl]- solution. The 
resulting solution was concentrated in a Vivaspin 20 centrifugation filter unit (3 kDa MWCO) 
and the protein concentration was determined using a PierceTM Coomassie Plus (Bradford) 
Assay kit (Thermofisher) using BSA as a standard. 
 
Catalytic activity testing: 
General. 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline was purchased from Acros. Analyti-
cal HPLC measurements were performed on a Shimadzu HPLC system (Prominence) 
equipped with a LC-20AD pump, SIL-20A autosampler, DGU-20AS degasser, CTO-20AC col-
umn oven, CBM-20A communication bus module and SPD-M20A diode array detector using a 
Lux Cellulose-4 column (Phenomenex, 250 mm x 4.6 mm, 5 µm) with the specified eluent gra-
dient. 
Stock solutions. MES/formate buffer: 6.40 g of 2-morpholin-4-ylethanesulfonic acid monohy-
drate (MES monohydrate) and 10.20 g of sodium formate were dissolved in 40 mL water and 
the pH adjusted by addition of NaOH, before the solution volume was finalised at 50 mL (final 
concentration 0.6 M MES, 3 M formate). Substrate: 0.2053 g of 6, 7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline was dissolved in 2 mL of MES/formate buffer (final concentration 0.5 M). 
Compound 11: 3.39 mg of 11 was dissolved in 500 µL DMF (final concentration 10 mM). Glu-
tathione: 76.8 mg of glutathione was dissolved in 1 mL of water (final concentration 250 mM). 
 Catalyst. 10 mM stock solutions of the required catalysts were prepared in situ by mixing 
[IrCp*Cl2]2 with the appropriate ligand in DMF. 
 
General procedure. 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (50 mM) and 0.125 mM 
catalyst in 0.6 M MES pH 6, 3 M sodium formate incubated at 40°C with a magnetic stirrer set 
to 400 rpm. Reactions were initiated by addition of the substrate and 25 µL samples were tak-
en at selected time points and quenched by adding to 975 µL of L-glutathione (50 µL of 250 
mM L-glutathione stock diluted in 300 µL water and 625 µL MeOH). Samples were left to stand 
for 1 hour at 4 °C before being filtered through 0.22 µm nylon membranes. Rea ction progres-
sion was monitored via HPLC (see HPLC method below for further details). Peaks that repre-
sented substrate and product with an absorbance at 285 nm were integrated and used to cal-
culate normalised product percentages. 
 
HPLC method. Solvent A: H2O + 0.1% DEA, solvent B : MeCN + 0.1% DEA. The starting ratio 
was 75:25 (A:B) and was maintained for 12 minutes. Ramp to 35:65 (A:B) at 12 minutes over 
0.5 minutes and held for 2.5 minutes. At 15 minutes the solvent was ramped back to 75:25 
(A:B) over 0.5 minutes amd held until 35 minutes. 1 mL/min, 35 °C; T R (S)-(-)-Salsolidine 11.5 
min, (R)-(+)-Salsolidine 12.5 min, 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline 15.5 min. 
 
Data availability. ([SHULPHQWDOGHWDLOVRIFLUFXODUGLFKURLVPVSHFWURVFRSLFPHDVXUHPHQWV)LJ
ELQWULQVLFIOXRUHVFHQFHTXHQFKLQJWLWUDWLRQV)LJDPDVVVSHFWURPHWU\PHDVXUHPHQWV
FU\VWDOVWUXFWXUHGHWHUPLQDWLRQV)LJF-HDQGUHYHUVLELOLW\VWXGLHV)LJVDUHGHVFULEHGLQ
WKH6XSSOHPHQWDU\0HWKRGVX-ray crystallographic data are available in the EMBL-EBI PDB 
under the accession numbers 5OAH ([FeIII(AZOTO)]2-ؿCeuE) and 5OD5 
[FeIII(11)Cp*IrIII]ؿCeuE and the Cambridge Crystallographic Data Centre deposition number 
 CCDC 1551724 (12). Other supporting data were deposited with the University of York library 
(www.york.ac.uk/library/info-for/researchers/datasets/) under DOI: 10.15124/233cf8cc-d25a-
4793-b667-7557836774c1 or are available from the authors upon reasonable request. 
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